In vitro reproduction is an important stage in seed potato propagation. Various radiation spectra can be used to regulate in vitro the growth and morphogenesis of potato seedlings (Solanum tuberosum L.). We studied the effect of light emitting diodes (LEDs) light sources, which differ in the spectral composition of the radiation, on the growth processes and functional parameters of the photosynthetic apparatus in potato plants (variety Agria) grown in vitro. The red LEDs with λ m = 635 nm and the half-width of the emission band (HW) of 45 nm, blue LEDs with λ m = 463 nm (HW = 23 nm), green LEDs with λ m = 521 nm (HW = 38 nm), and white LEDs (400-730 nm) with an intensity of light equal to 60-65 micromol photons∕m -2 ∕s -1 at plant level, and white fluorescent lamps (OSRAM AG, Germany) of the same light intensity were used. On day 28 the growth parameters, CO 2 gas exchange rate and parameters of variable chlorophyll fluorescence were measured. The highest biomass accumulation was observed during irradiation of plants with fluorescent lamps. A smaller plant biomass accumulation was observed when plants were irradiated with white LEDs. Blue LEDs was shown to reduce the accumulation of plant biomass by 49.5 % compared to the white LEDs. Irradiation with green and red LFDs led to decrease biomass accumulation by 75.6 and 67.5 %, respectively. The observed changes in the accumulation of dry plant biomass for different spectral ranges are associated with a higher activity of the photosynthetic apparatus of the plants grown under irradiation with blue and white LEDs. The rate of photosynthesis (per unit of the leaf surface) in these plants was higher than in those grown under green or red LEDs. The effective quantum yield of PS 2 in all studied plants had small changes in the range of 0.47 to 0.53, but higher values were observed in the plants grown under fluorescent lamps and white and green LEDs. Electron transport rate (ETR) and non-photochemical quenching (NPQ) were changed in similar manner under different growth conditions. Curve analysis showed that in the conditions when the input of CO 2 was not limited the rate of photosynthesis decreased depending on lighters as follows: fluorescent lamps > white LEDs > red LEDs > blue LEDs > green LEDs. Maximal rate of carboxylation and greater efficiency of the reaction were observed when plants were exposed to fluorescent light and white LEDs. The irradiation of plants with blue, red and, especially, the green LEDs led to a decrease in carboxylation rate to 77.9, 67.9 and 11.1 % of the maximum values. Efficiency of carboxylation in plants grown under red and green LEDs sharply decreased to 37.5 % and 6.7 % of the maximum values. Electron transport rate when using fluorescent lamps, white, red, blue and green LEDs was equal to 100, 97.3, 75.1, 68.0 and 20.8 %, respectively. At the same time there has been a decrease in the utilization rate of triosophosphates to a value of 88.9, 48.7, 28.2 and 9.4 %, respectively, compared to 100 % under fluorescent lamps. Thus, at low levels of light intensity we did not observe significant changes in the activity of both light and dark photosynthetic reactions and the accumulation of plant dry matter. These results allow us to understand the role of separate regions of visible light on the functioning of the photosynthetic apparatus, and more effectively to use LEDs for plant cultivation.
A b s t r a c t
In vitro reproduction is an important stage in seed potato propagation. Various radiation spectra can be used to regulate in vitro the growth and morphogenesis of potato seedlings (Solanum tuberosum L.). We studied the effect of light emitting diodes (LEDs) light sources, which differ in the spectral composition of the radiation, on the growth processes and functional parameters of the photosynthetic apparatus in potato plants (variety Agria) grown in vitro. The red LEDs with λ m = 635 nm and the half-width of the emission band (HW) of 45 nm, blue LEDs with λ m = 463 nm (HW = 23 nm), green LEDs with λ m = 521 nm (HW = 38 nm), and white LEDs (400-730 nm) with an intensity of light equal to 60-65 micromol photons∕m -2 ∕s -1 at plant level, and white fluorescent lamps (OSRAM AG, Germany) of the same light intensity were used. On day 28 the growth parameters, CO 2 gas exchange rate and parameters of variable chlorophyll fluorescence were measured. The highest biomass accumulation was observed during irradiation of plants with fluorescent lamps. A smaller plant biomass accumulation was observed when plants were irradiated with white LEDs. Blue LEDs was shown to reduce the accumulation of plant biomass by 49.5 % compared to the white LEDs. Irradiation with green and red LFDs led to decrease biomass accumulation by 75.6 and 67.5 %, respectively. The observed changes in the accumulation of dry plant biomass for different spectral ranges are associated with a higher activity of the photosynthetic apparatus of the plants grown under irradiation with blue and white LEDs. The rate of photosynthesis (per unit of the leaf surface) in these plants was higher than in those grown under green or red LEDs. The effective quantum yield of PS 2 in all studied plants had small changes in the range of 0.47 to 0.53, but higher values were observed in the plants grown under fluorescent lamps and white and green LEDs. Electron transport rate (ETR) and non-photochemical quenching (NPQ) were changed in similar manner under different growth conditions. Curve analysis showed that in the conditions when the input of CO 2 was not limited the rate of photosynthesis decreased depending on lighters as follows: fluorescent lamps > white LEDs > red LEDs > blue LEDs > green LEDs. Maximal rate of carboxylation and greater efficiency of the reaction were observed when plants were exposed to fluorescent light and white LEDs. The irradiation of plants with blue, red and, especially, the green LEDs led to a decrease in carboxylation rate to 77.9, 67.9 and 11.1 % of the maximum values. Efficiency of carboxylation in plants grown under red and green LEDs sharply decreased to 37.5 % and 6.7 % of the maximum values. Electron transport rate when using fluorescent lamps, white, red, blue and green LEDs was equal to 100, 97.3, 75.1, 68.0 and 20.8 %, respectively. At the same time there has been a decrease in the utilization rate of triosophosphates to a value of 88.9, 48.7, 28.2 and 9.4 %, respectively, compared to 100 % under fluorescent lamps. Thus, at low levels of light intensity we did not observe significant changes in the activity of both light and dark photosynthetic reactions and the accumulation of plant dry matter. These results allow us to understand the role of separate regions of visible light on the functioning of the photosynthetic apparatus, and more effectively to use LEDs for plant cultivation.
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In vitro reproduction is an important stage in producing revitalized potato planting material. Available data indicate that the different radiation spectrum can be used to regulate in vitro the growth and morphogenesis in potato seedlings (Solanum tuberosum L.) [1] [2] [3] [4] . For example, when irradiated with fluorescent lamps (red light, maximum at  = 660 nm), seedlings had small leaves and weak sprouts [2] . When illuminated with blue light from fluorescent lamps (maximum at  = 480 nm), the plants produced well-developed leaves. Red-enriched light led to an increase in leaf surface [5] . The combination of red and blue light emitting diodes (LEDs) contributed to the growth and development of potato seedlings in a laboratory assessment [6] .
It should be noted that known works devoted to this subject mostly dealt with the study of a combined effect of red and blue light spectra on the growth and metabolic processes in leaves [7] [8] [9] . Certain addition of other spectral bands, in particular in the green (GSB) region, increases the effectiveness of the sources of exposure being used [7, 10] . The positive effect on the photosynthetic apparatus and production process was also shown when using additional irradiation of plants with a light at a maximum around  = 630 nm [11, 12] . In this case, the proportion of the active form of phytochrome B in the pool of phytochromes is changing, which may lead to increased photosynthetic activity in plants [13, 14] .
Despite the identified patterns of the LED irradiation influence on the growth processes and photosynthetic apparatus [15] [16] [17] , the impact of certain regions of the spectrum on the activity of light and dark reactions in photosynthesis in intact leaves still remain poorly investigated.
In this paper, we studied for the first time the association between light and dark phases of photosynthesis and in vitro growth in potato seedlings when exposed to mono-and polychromatic light.
The aim of the study was to investigate the effect of the spectral composition of light on plant development and functional characteristics of the photosynthetic apparatus during in vitro reproduction of potato plants.
Technique. In a laminar box, the upper parts of potato plants (Agria variety) were cut and planted in sterile test tubes containing the Murashige and Skoog medium (Murashige T., Skoog F., 1962) for rooting to produce in vitro culture. The tubes were then placed in a phytotron, where they remained under strictly controlled conditions (18-20 С, 16-hour photoperiod). . LEDs (OOO Focus, Russia) of red (RS,  = 635 nm) with a half-width of the emission band (HW) 45 nm, blue (BS,  = 463 nm, HW 23 nm), green (GS,  = 521 nm, HW 38 nm) and white light (WS,  = 400-730 nm), with a light intensity equal to 60-65 micromol photonsŸm -2 Ÿs -1 at plant level, were used for illumination. Some of the plants were placed under white fluorescent lamps (OSRAM AG, Germany) at the same light intensity.
The leaf area and plant height were measured at day 28. To account for the dry biomass, 6-8 plants were sampled in each test option, then the aboveground and underground parts were separated, fixed at 105 С, dried at 70 С, and weighed.
The CO 2 gas exchange rate was determined using a portable infrared gas analyzer LCPro + (ADC BioScientific Ltd, UK). The curves of CO 2 gas exchange in leaves depending on the light intensity and carbon dioxide concentration in the air were obtained and analyzed as described [15] .
The chlorophyll fluorescence was measured on the leaves from 2-3 upper tiers, using a pulse-amplitude modulated fluorometer (JUNIOR-PAM, Heinz Walz GmbH, Germany). Fluorescence parameters were recorded after 20 minutes of dark adaptation. The effective quantum yield of the PS II (photosys-tem II), the relative electron transport rate (ETR), and non-photochemical quenching (NPQ) were determined [18] .
Statistical analysis was performed using Statistica 10 software (Statsoft Inc., USA). In all cases, P was calculated for a significance level of 0.05. The tables and diagrams provide arithmetic means with a standard error (X±x).
Results. One of our study objectives was to monitor the growth processes and photosynthetic rate, as well as to analyze the activity of the light and dark reactions in the photosynthetic apparatus when rooting the potato cuttings depending on the spectral composition of the light emitting diode illuminators. The spectral composition of light significantly influenced the growth and developmental processes in plants (Table 1) . Thus, under fluorescent lights, the growth rate, estimated by the production of the above-ground biomass, was the highest. A somewhat lesser biomass accumulation was observed with the irradiation from white LEDs. The effect of blue light was in the reduced biomass in plants by 49.5 % vs. a test where white LEDs were used. The irradiation from GS LEDs and RS LEDs resulted in the decreased accumulation of biomass by 75.6 and 67.5 %, respectively. The uneven distribution of dry biomass in plant organs depending on the type of illuminator and the spectral composition of light should also be noted ( Table 2 ). The ratio of the weight of stems and roots to the weight of leaves showed that its high accumulation in plants under fluorescent lamps and white LEDs was due to a higher gain of dry matter in leaves vs. roots and stem. The irradiation with RS LEDs led to a greater accumulation of dry biomass in the attracting organs, i.e. the stem and the roots.
Growth of potato (Solanum tuberosum L.) Agria variety microplants in vitro at
The revealed changes in the accumulation of dry matter at various spectral regimes of irradiation were associated with a higher activity of the photosynthetic apparatus when growing plants under white and blue LEDs ( Table 3 ). The photosynthetic rate per unit of leaf area in these tests was higher than in those where green or red LEDs were used. For plants grown under fluorescent illumination as well as white LEDs, high values of stomatal conductance and transpiration rate were also observed.
The evaluation of the photosynthetic apparatus function demonstrated that the effective quantum yield of PS II in the studied plants varied only slightly (ranging from 0.47 to 0.53), while higher values were observed in the test with fluorescent lamps and white and green LEDs. The electron transport rate (ETR) and non-photochemical quenching (NPQ) were changed in a similar way, depending on the plant growth conditions. As a result, at low light intensity the low photosynthetic rate in case of RS LEDs and GS LEDs is primarily related to the activity of the dark reactions in photosynthesis and poor stomatal conductance. To determine the potential activity of light and dark reactions of photosynthesis, carbon dioxide curves were constructed. Their analysis using a biochemical model [19] showed that when the photosynthetic rate is not limited by CO 2 level, the absorption of carbon dioxide by leaves decreases in a row of fluorescent lamps > white LEDs > red LEDs > blue LEDs > green LEDs (Fig.) .
Parameters of the photosynthetic function and transpiration in potato (
The maximum carboxylation rate and a greater efficiency of the reaction were observed when the plants were exposed to fluorescent light and white LED light. In the tests with BS LED, RS LED and especially GS LED, the carboxylation rate decreased down to values constituting 77.9, 67.9 and 11.1 % of that obtained under the fluorescent lights. The carboxylation efficiency sharply decreased after exposure to RS LEDs and GS LEDs, such as down to 37.5 % and 6.7 % of the maximum values, respectively. The electron transport rate under irradiation with fluorescent lights was the greatest, and it amounted to 97.3; 75.1; 68.0 and 20.8 % of this parameter in tests with WS LED, RS LED, BS LED and GS LED, respectively. There was a concurrent decrease in the rate of triose phosphate utilization, such as to 88.9; 48.7; 28.2 and 9.4 %, respectively, of the value observed under fluorescent lighting (100 %).
The results obtained indicate that different spectral compositions of light may differently affect the activity of the light and dark stages in photosynthesis. In natural CO 2 concentrations, under irradiation from LEDs, emitting in different spectral regions, the rate of initial photosynthetic processes varied insignificantly. At that, the plants modified functional activity of their photosynthetic apparatus. With elevated CO 2 concentrations, when the restriction of the photosynthetic rate due to activity of the dark processes is reduced, the maximum carboxylation rate and efficiency changed only slightly under irradiation with fluorescent lamps, white and blue LEDs, but decreased significantly with RS LEDs and GS LEDs. As a result, the data, obtained using the model, support the conclusion about the contribution of reduced stomatal conductance to decreases in the photosynthetic rate when the plants are exposed to RS LED and, especially, to GS LED, which is due to inhibition of the CO 2 flow to the centers of carboxylation (Table 3) . Along with the rate of light and dark reactions of photosynthesis, the respiration was also affected by the spectral composition of the irradiation. The highest respiration rate was observed when plants were illuminated by BS LEDs vs. other test options. The exposure to RS LED led to a decrease in the intensity of gas exchange.
Our data on the effect of different sources of illumination on the plants during in vitro propagation, indicate that the activity of light reactions of photosynthesis does not significantly change at a low light intensity, irrespective of spectral composition and type of illuminator (fluorescent lamps or LEDs), and the differences observed in the accumulation of dry matter by plants are mediated by the processes associated with the activity of the dark phase reactions of photosynthesis (the rate and efficiency of carboxylation, the rate of triose phosphate utilization), as well as with a decrease in stomatal conductance. Moreover, there were significant differences in gas exchange, resulting in a modified relation between respiration rate and photosynthesis.
The changes in the activity of the photosynthetic apparatus are not the only plant response to different spectral composition of light [20] [21] [22] . The literature suggests an important role of photoreceptors in the regulation of plant growth and morphogenesis, as well as in the activity of the photosynthetic apparatus [23] [24] [25] . Regulatory photoreceptors in different light bandwidths play a major role in the manifestation of the light effects [26] [27] [28] . The spectral composition of light had no significant effect on the initial growth processes, however, the red light contributed to the intensive development of axial organs, probably, by means of stimulating the red light photoreceptor, i.e. phytochrome. In contrast, in case of exposure to blue light, the plant growth was inhibited, which could be due to the effect of cryptochrome. The effect of light is also manifested in the changed hormonal status of plants (the content and ratio of gibberellins and auxins) and in the regulation of the activity of physiological processes [22] . Therefore, the study of the photosynthetic function and growth in vitro in potato revealed the complexity of the changes in the activity of the individual processes of light and dark stages in photosynthesis depending on the type of illuminator and the spectral composition of light. At low intensity of the luminous flux of various spectral compositions, the changes in the dry matter accumulation by plants are related to different activity of reactions in the dark phase of photosynthesis. Our results allow to approach to the clarification of the role of individual monochromatic LED illuminators in the photosynthetic apparatus functioning, so that to specifically use LED illuminators when growing plants.
